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INTRODUCTION
A reconnaissance geochemical survey of soil in the part of the San Juan Basin of New Mexico that is most likely to be affected by energy-related developments was conducted in the summer of 1977. The survey consisted of three parts: (1) an evaluation of soil variability over the broad region, (2) an appraisal of chemical variability in the Sheppard, Shiprock, and Doak soil association, which is considered likely to be used in topsoiling the reclaimed areas, and (3) an evaluation of variability in topsoil and spoil in a reclaimed area of the San Juan mine. In addition to assessing spatial variability for element composition of soils, basic background information on the element composition of soil and spoil is provided for the materials in the San Juan Basin, which may be used to derive compositional background levels for elements in the taxonomically distinct soils.
A substantial amount of published information on soil and vegetation in the San Juan Basin is available. The statewide soil survey (Maker, Dregne, Link, and Anderson, 1974) , as well as individual county surveys (San Juan County -Maker, Keetch, and Anderson, 1973; Rio Arriba County -Maker, Folks, Anderson, and Link, 1973; McKinley County -Maker.Bullock, and Anderson, 1974; and Sandoval County -Maker, Folks, Anderson and Gallman, 1971) , provided data on quantity and quality of soil material present and its areal distribution. Researchers from New Mexico State University have provided much information on the vegetation and soil character of areas to be strip mined Buchanan, 1972, 1977; Gould, Howard, and Valentine, 1972) , chemical and physical properties of soil samples from a coal-lease area (Rai and others, 1975) , and chemical and physical properties of core samples of rock from coal-lease areas (Rai and others, 1974; Gould, Miyamoto, and Rai 1977) . Maps showing surficial and bedrock geology of the area where surface mining is expected to be con centrated are also available (O'Sullivan, Heller, 1979a, 1979b; Heller, 1979a, 1979b; and Scott, O'Sullivan, and Mytton, 1979) . These studies and maps provide much of the information necessary to assess the quality of sitespecific soil and spoil material and the plant-growth potential.
Background data for the total content of nearly 40 elements and the extractable content of 15 elements are presented for soils in the region likely to be altered by mining activities, for soils considered to be the best l available material for stockpiling to be used later as topsoil for reclaimed areas, and for mine soil (topsoil and spoil material). These data fill a void in the present information on the chemical composition of soil in the region. Power (1978) stated that chemical data add a new dimension to reclamation research by providing a basis for defining the nature and properties of the soil and spoil resource being utilized in reclamation, and by helping to determine soil quality in relation to plant-growth potential. Throughout this report, the part of the work dealing with soils in the region that are likely to be altered by energy-related developments is referred to as Study 1; the work on soil material of the Sheppard, Shiprock, and Doak soil association is labeled Study 2; and the work on topsoil and mine spoil chemistry is designated Study 3. the soil. This material was placed in paper envelopes for transportation to the laboratories. Samples of A and C horizons of soils for Study 1 were collected at47 locations in the coal region of northwest New Mexico ( fig. 1) . A typical landscape in the San Juan Basin is shown in figure 2. This area is underlain (table 7) .
by the the Kirtland Shale, Fruitland Formation, and the undifferentiated Mesaverde Group, all of Creta ceous age (Dane and Bachman, 1965) . Sampling locations were selected randomly for a five-level, unbalanced, nested analysis-of-variance design (Leone and others, 1968) . Within the irregular boundaries of the coal region, cells 50 km on a side were arranged to provide maximum coverage ( fig. 3) . Each of the eight 50-km (kilometers) cells was divided into areas of decreasing size, as follows: four 25-km cells, each of which was divided into 25 5-km cells. The cells sampled were randomly selected, as follows: all four 25-km cells; two 5-km cells in one 25-km cell and one 5-km cell in each of the three other 25-km cells; two 1-km cells in one 5-km cell and one 1-km cell in each of the four other 5-km cells. This nested arrangement of cells sampled resulted in the selection of 48 sampling locations as shown in figure 3 ; however, only 47 locations were actually sampled because one location was inaccessible. One sample each of A and C horizons of soil was collected from each location. Eight of the 47 samples of each horizon were split and analyzed in duplicate.
Samples of A and C horizons of soil for Study 2 were collected at 30 localities in northwest New Mexico. The localities were confined within the boundaries of the mapped occurrence (Dane and Bachman, 1965) of the coal-bearing Fruitland Shale and Kirtland Forma tion of Cretaceous age ( fig. 1) , and also within the boundaries of the mapped occurrence of the Sheppard, Shiprock, and Doak soils (Maker, Keetch, and Anderson, 1973) . The actual sampling locations were selected randomly, based on an unbalanced, nested analysis-of-variance design (Leone and others, 1968) of the barbell type (Tidball and Ebens, 1976) . Three barbells were oriented in the area by selecting compass directions at random. The major axis of each barbell was 10 km long, and the sequentially smaller axes were 5, 1, and 0.1 km. The general location of each barbell is shown in figure 4 . Ten localities were sampled in each barbell, resulting in a total of 30 samples each of A and C horizons of soils. Ten of the 30 samples from each horizon were split and analyzed in duplicate.
Samples of topsoil and mine spoil for Study 3 were collected at six locations at the San Juan mine ( fig. 1 ) from an area that had been reclaimed (graded, topsoiled, and revegetated) in 1974 (fig. 5 ). Sample locations were selected randomly, based on a fourlevel, nested analysis-of-variance design (Leone and others, 1968) . Within about a 4 ha (hectare) area, the axes of a barbell were oriented by selecting a compass direction at random. The major axis of the barbell was 100 m long, and the sequentially smaller axes were 25 and 5 m. Each of the six topsoil and mine spoil samples were split and analyzed twice, yielding a total of 24 samples. The topsoil consisted of a uniform layer of (table 7) .
FIGURES.-Area of the San Juan Mine from which topsoil and spoil were collected in Study 3. The area was reclaimed (regraded, topsoiled, and seeded) in 1974. Photographed August 15,1977. about 20 cm (centimeters) of soil that had been stockpiled prior to mining. This 20 cm of topsoil, and underlying mine spoil to a depth of 50 cm, were sampled.
ANALYSIS
All samples were dried at ambient temperature and then were disaggregated in a motor-driven ceramic mortar and pestle, and the portion passing a 2-mm (millimeter) stainless-steel sieve was saved. Splits of the less-than-2-mm material was further ground to minus-100 mesh in a ceramic mill, and this material was used for all total-element determinations. The disaggregated but unground less-than-2-mm material was used for the extractable-element determinations. After disaggregating, greater than 95 percent of the material from the A and C horizons and of topsoil used in reclamation passed the 2-mm sieve. The amount of mine spoil material passing the sieve varied from sample to sample depending on the lithology and cementation of the rock. The effects of such fractionation, resulting from sample preparation, are unknown. Some guidelines should be established for preparation of sedimentary rocks differing in lithology and cementation in order to standardize the results of chemical analysis from laboratory to laboratory.
Concentrations of some elements in some samples were below the limit of determination (censored) by a given analytical method. When more than one-third of the determinations for an element were below this limit the element was omitted from the analysis of variance. For elements having less than one-third the censoring, the censored values were replaced by a value equal to 0.7 times the lower limit of determina tion. Because of their generally small number, the use of replacement values is thought to not substantially affect the geochemical interpretation of the data. Baseline summary statistics of such censored data were estimated by using the technique of Cohen (1959) .
Variation due to all laboratory procedures was estimated separately in each study from a replicate analysis of samples selected randomly from the total suite of samples. These analytical splits were ran domly placed among the total suite of samples. This procedure insured that any systematic error in analy sis would effectively be converted to random error.
The analytical methods used for total-element deter minations are described in U. S. Geological Survey (1975) Crock and Severson (1980) .
Determinations of exchangable cations tend to be too high when the pH of the natural soil is greater than about 8.0. These high values reflect, in part, the fact that the exchanging solution was buffered at pH 7.0. When the natural soil pH is above about 8.0, salts and carbonates of calcium, magnesium, potassium, and sodium, which are stable at this high soil pH, begin to dissolve at the lower extraction solution pH and greater dilution, and, therefore, give values which are much too high. The values for exchangable calcium, magne sium, potassium, and sodium reported here have been corrected for their water-soluble fractions.
USE OF VARIANCE COMPONENTS
Sampling was designed to measure the variation in soil-element content over increments of distance, ex pressed by cell size for Study 1 and by ranges in dis tance for Study 2 and Study 3. Total variation was, therefore, subdivided into distance-related geo graphical components.
A principal interest in variance components is in their use for calculating the minimum number of samples (nr) required to estimate a mean with a speci fied degree of reliability, and to determine the pres ence and magnitude of regional variation as a basis for constructing maps. The conventional F-test at the 0.05 probability level is used to test each variance compo nent to determine if variation between cells (or ranges in distance) is significantly different from variations within cells (or ranges in distance) at each level of the sampling design. If a component fails to be significant, it is not practical to attempt to map variation at the interval associated with that component because of the high probability that the variation within units masks the variation between units. Analytical-error variance components in excess of 50 percent are considered to be excessive, and interpretation of the data for these elements must be made with caution.
A variance ratio (v) is computed to determine the feasibility of preparing geochemical maps from the data already collected, or for determining the magni tude of the sampling effort necessary to prepare maps based on various sampling intervals. The general expression for the variance ratio is: _ Estimated variance among sampling units Estimated total variance within sampling units This ratio was defined by Miesch (1976, p. 8) as a "relative measure of the compositional heterogeneity among, and the compositional homogeneity within, mapped units of the population being studied." A value of v equal to 1.0 is chosen as the value below which a reliable map could not be prepared. If v is greater than 1.0, then there is some basis for prepar ing a map that will reliably depict the true geochemi cal pattern because of the relatively large variation among sampling units as compared to the smaller variation within units.
In addition to using v to indicate reliability of data for presentation in the form of a map, v can also be used to estimate the minimum number of samples that would need to be collected at random, from an area represented by some given distance increment, in order to prepare a reliable map (Miesch 1976, p. 9) .
RESULTS AND DISCUSSION
SOIL VARIABILITY STUDY 1
The assessment of spatial variation of soil parame ters in Study 1 shows that two levels of the sampling design (between 25-km cells1 and between 1-km cells) account for the largest portion of the measured varia tion for most parameters (table 1) . Variation mea sured between 50-km cells is very small or nonexistent for most parameters in both A and C horizons of soils (table 1) . Total arsenic and mercury and extractable potassium, manganese, and zinc in the A horizon, and organic carbon and pH in the C horizon are the only parameters that show significant variation between 50-km cells. For variation between 5-km cells, no gen-1 For brevity, we refer to cell sizes of X-km on a side as X-km cells. eral statement can be made for either A or C horizons of soil because for a few parameters the measured variation is significant, for other parameters it is sub stantial but not significant, and yet for other parame ters it is nonexistent.
A practical aspect of variance components is their usefulness for testing the feasibility of preparing maps based on the parameter means of a samplingunit size. This feasibility can be calculated only for 50-km and 25-km cells if the intent is to provide maps of parameter values based on the present sampling design and data. For most parameters, variation mea sured for 50-km cells is nonexistent; therefore, attempt ing to map at this interval would be impractical. Mapping parameter-value distributions at an interval of 25 km may be practical using the present data because much of the total variation was measured for many parameters at this interval. It would not be possible to map at an interval of 5 km or 1 km using the present data because not all 5-km or 1-km cells were sampled.
The feasibility of presenting the data in map form, based on 25-km cells, was evaluated by the variance ratio described previously. The ratio for 25-km cells is computed as follows:
where P represents the percent of total variance between cells of the size indicated by the subscript, and P(e) indicates the percentage of the total variance between the analysis of duplicate samples.
These calculated variance ratios are presented in table 1. Elements having a ratio greater than 1.0 are total arsenic, potassium, lithium, molydbenum, and strontium in the A horizon, and total aluminum, arsenic, barium, beryllium, carbon, calcium, mer cury, magnesium, sodium, nickel, silicon and stron tium; carbonate carbon; DTPA (diethylenetriamine pentaacetic acid) extractable lead; and exchangable calcium in the C horizon. Data for these elements are presented on maps ( fig. 6 ) as geometric means for 25-km cells. The cell means are not contoured because there are no apparent regional trends (variance at the 50-km level is nonsignificant). Only for total arsenic in the A horizon ( fig. QA) are such trends suggested by the maps and by the analysis of variance. Four classes are represented by shading in figures 6A-6S. The determination of these classes is based on the assump tion that the data for an element follows a log-normal distribution. The highest and lowest classes represent 
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Based on water-saturation extraction Several other parameters show significant varia tion between 25-km cells but have a variance ratio less than 1.0. This ratio indicates that map patterns pre pared from the present data may not be repro ducible -within-cell variation is greater than be- Many of the remaining elements or properties in either A or C horizons of soil could be represented by a map if only three or four samples (nr values in table 1) were collected randomly from each 25-km cell. How ever, the maps thus generated would most likely show only poorly developed regional patterns because of the small variation measured for the larger 50-km cells (table 1). For these elements or properties, for which reliable maps could not be prepared because of exces- 
STUDY 2
Variation measured for parameters of the Sheppard, Shiprock, and Doak soil association, Study 2, are presented in table 3. Most of this variation occurred at distance intervals of less than 5 km. Eight elements or properties (organic and total carbon; total titanium and uranium; extractable copper, calcium, and mag- S-Total strontium (ppm), C horizon FIGURE 6-Continued from the three areas in concentration of these addi tional parameters, except pH, which is the lowest. Samples from the other two locations are about equal in values of these parameters; however, the samples from the northernmost barbell tend to be higher in some parameters and lower in pH than those of the centrally located barbell. Total variaton in most para meters measured for Study 2 is low (table 3) compared to the data for Study 1 (table 1) .
Variances found in parameters of Study 2 suggest that the soil sampled in the area mapped as containing the Sheppard, Shiprock, and Doak soils is more uni form in element composition than are the soils of Study 1. Because of this uniformity, attempts to map differ- -Clay-sized particles (pet), C horizon D -Total copper (ppm), C horizon FIGURE 7.
-Average values for soil parameters in cells 25 km on a side measured in the area likely to be affected by energy-related development. Values are geometric means (GM). Shading, as used in figure 6 , is not used because the analysis of variance indicates that, although significant differences exist between 25-km cells, the patterns may tend not to be reproducible. N.S., not sampled.
ences in soil composition would require that a large number of samples be collected at close intervals for all parameters, except for those parameters showing regional variation that were mentioned above, in order to characterize the slight differences. The uni formity in composition indicates that a large area may be characterized by means of only a few samples. The element composition of the area containing mainly the Sheppard, Shiprock, and Doak soils can be effectively summarized by computing an average or baseline (table 4) , and this average value should be widely applicable for characterizing these soils. The baseline values can be used as described for Study 1.
STUDY 3
Variability in parameter values of topsoil and mine spoil, Study 3, from a limited sampling of a reclaimed area of the San Juan mine, is presented in table 5. For most parameters in topsoil and mine spoil, greater than 50 percent of the total variation was measured at distance intervals of less than 5 m. Only values for total calcium and molybdenum, extractable calcium and potassium in topsoil, total sodium and strontium, extractable sodium and S04, and SAR (sodium adsorp- tion ratio) in mine spoil at distance intervals of 25 m is creater than 50 percent of the total variation mea sured. Total variation measured for total-element con tent of most elements was greater in mine spoil than in topsoil; however, the opposite relation was generally true for extractable elements (table 5) . The magnitude of the sampling effort needed to prepare a geochemical map of topsoil or mine spoil for 5-m and 25-m cells was estimated by using the var iance components (table 5) . The nr values in this table indicate that, for most elements, more intensive sam pling would be needed in mine spoil than in topsoil to prepare reliable maps of the chemical and physical composition of these soil materials. For many parame ters, where most of the variation was measured at distance increments of less than 5 m, it would be impractical to attempt a mapping program at any interval greater than 5 m. The average composition of topsoil and mine spoil from this small area at the San Juan mine is summarized by a baseline value in table 6.
SUMMARY
Variation was assessed at widely different distance increments in the three studies. Therefore, it is diffi cult to relate variation associated with a specific dis tance increment between the three studies. In Study 1 we used a nested-cell sampling design similar to that used by Severson and Tidball (1979) in the Northern Great Plains. In that study, as in the present study (figs. 6 and 7), parameter-value distributions in soil were based on a limited sampling of the entire area of interest and were presented in map form. The content (table  2) . In Study 2 and Study 3 we used a barbell sampling design similar to that used by Severson (1979) in the Wind River and Bighorn Basins of Wyoming and Montana; that study and the present studies provide basic information on the variability of the material sampled (without complete coverage of the area) and provide data on the average composition of the mate rials sampled. These data are represented by baseline values in table 4 for the soil material considered suita ble for mined-land reclamation (Study 2), and in table 6 for soil and spoil from a reclaimed area of the San Juan mine (Study 3). [E'etection ratio, number of samples in which the parameter was found in measurable concentrations relative to the number of samples analyzed; geometric error (except as indicated) attributed to laboratory procedures; baseline, expected 95-percent range; leaders (---), no data available; <, less than, >, greater than; pet, percent; ppm, parts per million; me/L, milliequivalents per liter; mmhos/cm, reciprocol milliohms per centimeter; me/lOOg, milliequivalents per 100 grams]
Parameter So^1 horizon
Detection ratio
Geometric mean
Geometric deviation
Geometric error
Observed range Baseline
Based on total concentration Based on water-saturation extraction Based on physical properties (percent) Measured by specific ion electrode Al, pet ----------As , ppro~~" --------Cj, carbonate, pet -C . , organic, pet -- 
Based on total concentration -Continued Based on water-saturation extraction Based on physical properties (.percent) Al, pet --------- Study 1 assessed the variation of soil for the broad area likely to be affected by energy-related develop ment in the San Juan Basin. Maps were prepared for some elements (figures 6A-S), but for other parame ters, reliable maps showing parameter-value distri butions in soil could not be prepared from the present data. For these latter parameters, the feasibility of preparing such maps was estimated and is shown in table 1. However, it is likely that if additional samples were analyzed in order to prepare maps for the addi-tional parameters, they would show no gradational regional patterns because of the small variation that had already been found at the 50-km cell level. From the maps that were prepared (figs. 6A-S), it is appar ent that any consistent gradational trends in element content of soil across the region is lacking. In general, the maps of element concentrations do not reflect geo logic units (compare figs. 1 and 6 ), nor do they reflect mapped soil units (see Maker, Dregne, Link, and Anderson, 1974 and compare with fig. 6 ). Many more maps were possible for total-element content than for extractable-element content. This difference may indi cate that total-element content reflects types of surficial materials, whereas extractable-element content reflects pedogenic processes; surficial materials tend to be uniform throughout larger areas, but the effects of pedogenic processes on surficial materials do not. These processes probably reflect site-specific micro climate and vegetation. Of special interest is the single sample of the A horizon from the 25-km cell in which the Huerfano soil series (Typic Natrargid) was sam pled, and in which arsenic ( fig. 6A ) and molydbenum ( fig. 6M ) both exceed the baseline value. High molyb denum and arsenic were observed in a similar study in the Northern Great Plains (Severson and Tidball, 1979) , where potential problems associated with high molybdenum in forage, leading to molybdenosis in cattle, are suspected and are currently being investi gated (J. A. Erdman, oral communication, 1979) . A similar molybdenosis potential may exist for the farwestern part of the area of Study 1 because of very high levels of molybdenum in galleta grass (Gough and Severson, 1981) .
Study 2 was designed to assess the soil variation in the area containing the Sheppard, Shiprock, and Doak soil association. These soils provide the best available topsoil material for mined-land reclamation. The feas ibility of mapping composition at distance intervals of greater than 1 km is slight because, for most parame ters in both A and C horizons of soils, the variation measured at distances of greater than 1 km is less than 50 percent of the total variation (table 3) . Moreover, the total variation measured for many parameters is small, indicating a rather uniform composition of the soil sampled within the mapped occurrence of these soils. Because of this inferred uniformity, the number of samples required to map the slight variations in composition of these soils would be large for most parameters. Also, as was expected, the total variation measured for the parameters of these soils is smaller than the variation measured in soils covering the larger area of Study 1 (table 3) . For more information on the use of analysis-of-variance data to determine minimum sampling requirements, which may be app lied to the present study, see the discussion in Severson (1979) where a similar sampling design was used, and see Miesch (1976) , who gave a more basic comprehen sive discussion.
Study 3 was designed to assess variation in parame ters of a reclaimed area within the San Juan mine and to provide data on the composition of topsoil and mine spoil. Again, the analysis-of-variance data can be used to assess the feasibility of preparing maps of composi tion at various distance intervals. The distance incre ments used in this study were much smaller than those used in the previous studies. Smaller increments were used because much of the variability was expected at very small distance increments due to the heterogenous mixing of soil and spoil materials associated with mining operations. Generally, only a small area, a few hectares in size, is reclaimed at any one time. The analysis-of-variance data (table 5) show that topsoil tends to be less variable in its total-element composi tion than does mine spoil; however, the opposite rela tion is true for extractable elements. This result seems reasonable for total-element composition of mine spoil, because it consists of rock fragments that have not undergone pedogenic processes such as addition, rem oval, transfer, or transformation of various soil con stituents that tend to make one soil different from another. The greater variation in extractable ele ments is probably because the topsoil reflects chemi cal differentiation due to pedogenic processes, even though it is physically homogenized by stockpiling and respreading. Variation at distance intervals of less than 5 m tends to account for most of the variation for both total-and extractable-element content in mine spoil. Variation in topsoil is also large at distance increments of less than 5 m but does not totally domi nate variation at greater distances. In both topsoil and mine spoil, it would generally be necessary to sample at distance intervals of less than 5 m in order to des cribe more than 50 percent of the total variation mea sured for many elements or properties. The prepara tion of maps explaining a reasonable portion of the total variation would be expensive even for a moderate-size area. Schafer (1979) , in comparing the variation in soil physical and morphological properties between minereclaimed land and adjacent undisturbed areas in Montana, has stated that the variation is mainly at two increments of distance in the mine-reclaimed landmajor variation at 0.1-1 m (local) and minor variation at greater than 500 m (landscape). However, natural soils were more variable than mine-reclaimed soils at the landscape scale ( greater than 500 m) but less variable at the local scale (0.1-1 m). The data obtained in the present study show variance components for natural soils to be large for some parameters at dis tance increments of more than 25 km (regional), whe reas for most parameters the largest variance componet was measured at less than 1 km (table 1) . Also, mine-reclaimed soils show most of their variability at distance increments of less than 5 m (table 5). The present study does not assess variability of minereclaimed soils at any increment that could be consi dered regional, nor does it assess variability of natural soils at distance increments of a few meters. Compari sons between the two studies would be purely specula tive because they were conducted in different areas, different soil properties were measured, and different distance increments were used to express variance components. However, further work on assessing chemical variability, in addition to physical and morphological properties, at similar increments for natural and mine-reclaimed soils would provide basic information useful to persons charged with evaluating mine-reclaimed areas whose main experience has been gained in mapping natural soils.
SOIL COMPOSITION STUDY 1
Baseline values for the soils in the area likely to be affected by energy development are shown in table 2. Similar geometric means and observed and expected ranges for total content in A and C horizons are shown for most elements (calcium in the C horizon, however, is about double the amount in the A horizon). This similarity indicates that similar variability was mea sured for both soil horizons. Means and ranges for extractable concentrations of boron, calcium, chlo rine, magnesium, sodium, and S04, and SAR are two or more times greater in the C horizon than the A horizon, whereas extractable potassium and manga nese are higher in the A horizon than in the C horizon. These contrasts between total and extractable levels in the two soil horizons suggest that total-element con tent indicates gross mineralogy, whereas extractableelement content indicates pedogenic processes -in this case, movement of readily solubilized constituents from the A horizon to the C horizon. Those extractable elements that tend to be higher in the A horizon than in the C horizon either are not as easily mobilized under the present soil conditions (manganese, for example) or are readily recycled by vegetation (potassium, for example).
Total content of many trace metals in these soils in the area likely to be affected by mining operations is from one-half to one-fifth the total content of these metals in soils of the northern part of the Great Plains (Severson, 1979, table 8 ). In addition, total calcium and magnesium contents are about one-half of those measured in the Great Plains. However, DTPA extractable levels of trace metals in soils in this area are similar to those reported for the Northern Great Plains (Severson and others, 1977, table 19; Gough and others, 1979) . This similarity indicates that the tracemetal reservoir in soil is greater in the Northern Great Plains than in this area of the San Juan Basin; how ever, the extractable or plant-available amounts are similar.
Three soil orders were identified (Entisol, Aridisol, and Mollisol). The series names and taxonomic classi fication at the great-group level are shown in table 7 for the 47 soils sampled. The sampling locations and taxonomic classifications at the great-group level are shown in figure 3 . From figure 3, it is apparent that the great groups are dispersed throughout the area in a haphazard fashion and do not correspond to mapped geologic units ( fig. 1 ). Soils are classified into like groups based on selected properties, generally those which define diagnostic horizons. These horizons may be identified by properties of either or both the A or B horizon of the soil. Because only A and C horizons of soils were sampled and analyzed, the presentation of chemical data based on taxonomic criteria may be of limited significance.
A horizons of soil were analyzed because they are presumed to be the most biologically active and most closely related to element uptake by plants. C horizons of soil were sampled because they represent the largest volume of soil material and should most closely reflect the chemical character of surficial deposits or, where surficial deposits are thin or absent, they should reflect the chemical character of the underlying geo- logic units. B horizons of soil were not sampled because in some soils they are absent and because when present they generally make up only a small part of the total soil volume.
It may be of general interest to compare the average composition of all soils (table 2) to the average compo sition of soils in each great group (table 8) . Total and extractable concentrations for most of the elements are similar for all seven great groups. Only the Torripsamment and Natrargid great groups show noticeable deviations in some parameters from the average com position of groups. The Torripsamment great group is low in total aluminum in both A and C horizons, total thorium and titanium in the A horizon, extractable lead in the A horizon, and cation-exchange capacity in the A horizon. The Natrargid great group is high in total calcium, sulfur, and extractable calcium and sodium in the C horizon. It is also low in total potas sium, in both A and C horizons. The geometric devia tions for carbonate carbon; total boron, carbon, cal cium, copper, sulfur, and tin; DTPA extractable iron and lead; exchangable potassium and sodium; most of the water-soluble constituents; ESP (exchangable sodium percentage) and SAR (sodium adsorption ratio) are greater than 2.00 for the other great groups. These high deviations indicate that, within a single great group, the range in values for these elements and properties is quite large -the great groups are cer tainly neither chemically distinct from one another nor very homogeneous within themselves. For the remaining elements or properties, each great group is more uniform; however, as stated above, the differen ces between great groups, based on chemical composi tion, are small. It is difficult to distinguish one great group from another based on these chemical parame ters, except possibly for the properties of the Torrip samment and Natrargid great groups mentioned above.
Water-soluble boron greater than 2.0 parts per mil lion, specific conductance greater than 4 millimhos/cm, SAR greater than 11, and ESP greater than 15 are generally accepted as being restrictive to plant growth. All of these values are exceeded by some samples of both A and C horizons of natural soils in the area of Study 1 (table 2, Observed range). In table 8, geomet ric means for C-horizon samples from the Calciorthids and Natrargids indicate that these two are the least favorable for plant growth. Also, if the DTPA extrac table levels of copper, iron, manganese, and zinc, con sidered by Lindsay and Norvell (1978) as being defi cient for growing corn and sorghum in Colorado soils, are at all applicable to native and mine-reclaimed soils in the San Juan Basin, then copper, manganese, and iron are adequate for plant growth, and zinc may be generally deficient. Although the low zinc values were observed to have no affect on the native plants growing on these soils, they may affect introduced plants grow ing on reclaimed mine spoil. Such an effect has been noted by Safaya (1980) to be minimal on mine land in the Northern Great Plains.
STUDY 2
Baseline parameter values of the A and C horizons for the area containing the Sheppard, Shiprock, and Doak soil association are presented in table 4. Similar geometric means for the total content of most elements are reported for both soil horizons. However, the expected range is wider for the C horizon than for the A horizon because the C horizon shows greater varia bility. The geometric means and observed ranges for extractable elements are comparable for many ele ments or properties between the A and C horizons; however, the C horizon is noticeably higher in boron, chlorine, magnesium, sodium, S04, pH, and SAR than the A horizon. Measures of the total content tend to reflect gross mineralogy, whereas measures of the extractable content reflect pedogenic processes, as described for Study 1. The baseline values used to characterize the composition of these soils may be extrapolated to other parts of the region where these soils occur.
The total content of many trace elements tends to be less in these soils by factors of from two to five than was reported for areas in the northern part of the Great Plains (Severson, 1979, table 8) ; however, the content of trace metals extracted by DTPA is similar in the two areas (Severson and others, 1977, table 19 ). This general observation indicates, as for Study 1, that the DTPA-extractable trace-element levels are similar for the two regions, but the reserves of these elements in soils are greater in the Northern Great Plains than they are in the Sheppard, Shiprock, and Doak soils.
The average composition of the five soil families sampled is presented in table 9; differences between the average composition of samples of these families is small. Moreover, the geometric deviations for most parameters within each soil family are also small. These facts indicate that the composition of these soils, when they are grouped at the family level, is rather uniform. The uniformity in composition of these soils was emphasized in the previous section on variability and is also shown by the small deviations for composi tion of all soils (table 4). It is difficult to distinguish between most of these soil families on a compositional basis because of this uniformity. However, the Typic Torripsamment, mixed, mesic family shows relatively low concentrations of total arsenic in the C horizon, and total iron, titanium, and uranium in the A horizon. 1.23 9:9 9:9 9:9 9:9 6 : 9 7:9 9:9 9:9 9:9 9:9 5:9 8:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 8:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 6:9 8:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 5. 9:9 9:9 9:9 9:9 9:9 9:9 7:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 5:9 3:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 9:9 . The Typic Torriorthent, coarse loamy, mixed calcare ous, mesic family shows relatively high values for total calcium, sodium, and strontium in the A horizon.
Means and observed ranges (table 4) for watersoluble boron, and SAR, ESP, and specific conduc tance in both horizons of these samples of potential topsoil material indicate that very few samples have levels of these properties that can be considered re strictive to plant growth. Again, as for Study 1, using the Lindsay and Norvell (1978) critical levels for copper, iron, manganese, and zinc, only zinc appears to be at levels that are low enough in all soil families to limit plant growth, and copper in the C horizon of the Typic Calciorthid, fine loamy, mixed, mesic family (table 9) may also be at a deficiency level for plant growth. However, these low values do not appear to be affecting native plants growing on these soils, and there may be only a potential effect for introduced plants under reclamation conditions.
STUDY 3
Baseline values for topsoil and mine spoil from an area of the San Juan Mine that has been reclaimed (regraded, topsoiled, and revegetated in 1974) are given in table 6. The total content of only a few ele ments averaged two or more times as high in mine spoil as in topsoil (boron, organic and total carbon, mercury, and sulfur). However, extractable concen trations of many elements are from three to five times as great in mine spoil as in topsoil (DTPA-extractable copper, iron, lead, and zinc; water-soluble boron, cal cium, chlorine, and magnesium; and specific conduc tance). ESP and SAR are about six times higher in mine spoil than in topsoil, and exchangable sodium, water-soluble sodium, and S04 are an order of magni tude higher in mine spoil than in topsoil. The average composition of topsoil (table 6) , however, is similar to that of the C-horizon soil from both Study 1 (table 2) and Study 2 (table 4) for many parameters. The topsoil values are within the baseline ranges for the Study 1 area for more parameters than for Study 2 because many varied soils were sampled in the former area, whereas the soils sampled in the latter area showed greater uniformity and, therefore, a narrower baseline range.
The upper and lower limits of the observed ranges in parameter values in mine spoil either exceed or are below the baseline ranges for many parameters in both A and C horizons of soils in both the Study 1 and Study 2 areas. Many more parameter values exceed these baselines than are below the baselines. The com position of mine spoil is much different from that of natural soils in this same area. Of special interest are the high values of extractable boron and sodium, spe cific conductance, SAR, and ESP in mine spoil and their possible effects on the establishment and growth of vegetation. The element composition of plants grown both on and off mine spoil is reported in Gough and Severson (1980) .
SUMMARY
Baseline ranges for total-and extractable-element composition and other properties of soils sampled in the area likely to be affected by energy-related devel opment (Study 1) are shown in table 2. Baseline ranges for the area containing potential topsoil materials (Study 2) are shown in table 4, and baseline ranges for mine-reclaimed soils (Study 3) are shown in table 6. In tables 2 and 4 the geometric means for most elements are similar. Only a few soil properties (total sulfur in both horizons, water-soluble calcium and potassium in the C horizon, water-soluble sodium, and SAR in the A horizon) are two or more times higher in the Study 1 area (table 2) than in the Study 2 area (table 4). The baselines for the Study 1 area encompass a much wider range in concentration than do those for the Study 2 area.
Great groups of soil in the Study 1 area, or soil families in the Study 2 area, are difficult to distinguish on the basis of their composition. In the Study 1 area, only the Natrargid and Torripsamment great groups show high or low values in composition for a few elejirients. However, the range of values measured for many parameters within each great group is large, making it difficult to define a discrete range in compo sition that may be expected for any single great group. In the Study 2 area, the range in values measured for many parameters in each family is small; however, the average composition of each family is so similar that it is difficult to distinguish them based on composition alone. Only the Typic Torripsamment, mixed, mesic family shows low values in composition for a few ele ments. In the Study 1 area, Calciorthid and Natrargid great groups generally have high SAR, ESP, and spe cific conductance, which may restrict plant growth. The soils in the Study 2 area can be considered as suitable for plant growth with respect to these proper ties. Concentrations of cadmium, cobalt, copper, iron, manganese, lead, and zinc measured in the Study 1 and Study 2 areas were similar to those shown to be favorable for native plant growth in the Northern Great Plains (Gough, and others, 1979) .
In Study 3, the total content of only a few elements was as much as two times higher in mine spoil than in topsoil. However, extractable concentrations of many elements in mine spoil were from three to 13 times Based on rep Lacement
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higher. Exchangable sodium, water-soluble boron, specific conductance, ESP, and SAR values were measured at levels considered to be detrimental to plant growth (Sandoval and Gould, 1978) . The values reported by Gould, Howard, and Buchanan (1977) and by Gould, Miyamoto, and Rai (1977) for waterextractable cations and anions, pH, and SAR from soils in southern San Juan County are within the expected range of those reported for the Study 2 area (table 4) . However, when the soil properties measured in the present study (tables 8 and 9) are compared to the same properties of taxonomicaly similar soils as reported by Gould, Howard, and Buchanan (1977, table 4 ) and Gould, Miyamoto, and Rai (1977, Gould, Miyamoto, and Rai (1977, table 3) for the Haplargid great group are somewhat higher, and for the Calciorthid great group somewhat lower, than those reported for the same great groups in the present study (tables 8 and 9). Judged from these studies, as stated previously, named taxonomic soil groups show wide ranges in chemical properties. Rai, Wierenga, and Gould (1974, table 3 ) reported values for water-soluble cations and anions, pH, and SAR in core samples of rock from the Fruitland For mation in the southern part of San Juan County. The values for most elements in these rock samples are much higher than are those for mine spoil from the San Juan mine of this report (table 6) . However, sim ilar ranges are reported in both studies for waterextractable boron, and potassium, pH, and SAR. Per haps the chemical composition of the Fruitland Formation changes appreciably between these two locations, or perhaps some process in the mining and mined-land reclamation operation is responsible for these disparities.
CONCLUSIONS
1. Maps of element content in soils in the broad area likely to be affected by energy-related develop ment (Study 1), show no gradational pattern across the area. Such geochemical maps do not show patterns that resemble geologic or soils maps, indicating that named geologic or soil units are poor indicators of the element compo sition of soils. 2. In Study 1, many more maps resulted from studies of total-element content than from extractableelement content. This result indicates that total-element content of soil is variable at a regional scale, whereas extractable element content is variable at a smaller, or local, scale. This difference suggests that total-element compo sition may reflect distribution of differing sur-ficial deposits, whereas extractable element composition may reflect the more site-specific pedogenic processes acting on these surficial deposits. 3. In the Study 2 area, containing materials consi dered suitable for use as topsoil in mined-land reclamation, most of the variability in soil com position was confined to small distance incre ments. The soils are uniform in composition and, as a group, can adequately be characterized by a baseline range. 4. Topsoil and spoil material (Study 3) had a large portion of the total variability measured, for most parameters, at distance intervals of less than 5 m. In order to prepare reliable maps of composition of topsoil or spoil, it would be neces sary to sample at this interval. Such maps, even for a moderate-size area, would be very expen sive to prepare. 5. When the composition of soils of Study 1 are sum marized according to their taxonomic great groups, it is difficult to distinguish between these groups based on composition alone. This difficulty indicates that soil taxonomy cannot be used to characterize the composition of soil groups very effectively. 6. It is also difficult to distinguish between the soils of Study 2, when grouped at the family taxo nomic level, on the basis of their compositions alone. Taxonomic family groupings of soil in this area cannot be used very effectively to char acterize composition. 7. In Study 1, many of the samples of C horizons of soils (and a few samples of A horizons) had values for SAR and ESP that would limit their desirability for use as topsoil in mined-land rec lamation. In general, soils classified as Haplargids and Torriorthents are superior to those classified as Calciorthids and Natrargids as potential sources of topsoil material for minedland reclamation. The latter two great groups have water-soluble boron, SAR and ESP values that may be restrictive to plant growth. 8. Most of the soils sampled in Study 2 were identi fied as the Shiprock or Doak soil series. These soils appear to be suitable for use as topsoil in mined-land reclamation because they have few, if any, undesirable chemical properties.
9. High values for total arsenic and molybdenum in soil were measured in the western part of the Study 1 area. The potential for molybdenosis problems in livestock needs further investiga tion in this area. 10. The chemical composition of the topsoil material (Study 3) is similar to that of natural C horizons of soils from the Study 1 and Study 2 areas. However, mine spoil is much different in com position from natural soils. For example, high values for extractable boron and sodium, SAR, and ESP indicate that, without topsoil, the establishment and growth of vegetation on mine spoil may be difficult. In addition, extractable levels of copper, iron, lead, and zinc are three to five times higher in spoil than in topsoil. Topsoiling of reclaimed spoil material has ameliorated these undesirable chemical properties. 11. Total content of many trace elements in the soils sampled in Study 1 and Study 2 is from one-half to one-fifth that measured in soils in the north ern part of the Great Plains; however, DTPA extractable levels are similar for all these areas. Therefore, although the trace-element reservoir is greater in soil in the Northern Great Plains, the extractable or plant available amounts are similar.
